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This work presents a magnetic field imaging method based on color centres in diamond crystal
applied to thin film structure. To demonstrate the capacity of our device we have used it for
characterization of magnetic properties in microscopic scale of Cr2O3 thin film structure above and
below NÃľel temperature. The obtained measurement results clearly identify the detection of the
magnetic phase transition of Cr2O3 thin film with an unexpected diamagnetic like behaviour at 19◦C
(below the NÃľel temperature of Cr2O3). To have better insights in the magnetic fields created
by the thin films we present simulations of the magnetic fields near the thin film surface. We also
analysed the optically detected magnetic resonance (ODMR) profiles to be sure that the measured
property is related only to the shift of the optically detected magnetic resonance. We demonstrate
how Nitrogen-Vacancy centre based magnetometry can deliver a convenient platform for research of
phase transition dynamics and spatial magnetic field distributions of thin films, that can rival other
widely used measurement techniques.
PACS numbers:
I. INTRODUCTION
The Nitrogen-Vacancy (NV) centres in diamond crys-
tal can be used for a variety of applications, from magne-
tometry [1], thermometry [2] and measurements of elec-
tric field [3, 4] to strain analysis [5]. A separate sub-
category of these measurements is acquisition of two-
dimensional distribution of the observed effects. Mag-
netic field imaging using NV centres in diamonds has
a number of advantages compared to other widely used
methods: possibility to measure relatively wide area of
a sample simultaneously, while maintaining diffraction
limited spatial resolution, diamonds can be brought into
close proximity to samples, as the diamond matrix is
chemically and mechanically durable, as well as non-
toxic. In addition, measurements can be made over a
temperature range from cryogenic to hundreds of degrees
Celsius [6–8]. The high spatial resolution and wide range
of operating temperatures make the NV center an excel-
lent platform for analyzing properties of magnetic thin
films [6, 9].
The studies of magnetic phase transitions in thin films
are a widely researched effect [10–12] however in many
cases vibrating-sample magnetometry is used for deter-
mination of magnetic properties. This limits the mag-
netic property measurements to the average value of the
∗Electronic address: andris.berzins@lu.lv
whole sample. On the contrary magnetic field imaging
based on NV centres can reveal the microstructure of
magnetic interactions, while maintaining the possibility
of relatively large field of view and high throughput.
The other commonly used method for sensitive mag-
netic field measurements is the scanning-tip measure-
ments performed by superconducting quantum interfer-
ence devices (SQUID) and single NV probes. These tech-
niques can produce hard-to-rival magnetic measurements
in the means of spatial resolution, but the main issue is
a very limited field of view. NV imaging can offer sim-
plicity, compactness and much higher throughput (due
to simultaneous probing of relatively wide field of view).
Overall the NV based magnetic field imaging can deliver
a convenient platform for research of phase transition dy-
namics and spatial magnetic distributions.
In this work we apply the magnetic field imaging tech-
nique to measure the changes in magnetic properties at
phase transitions of Cr2O3 thin film structures. Cr2O3
is used in a number of thin film and nonstructural ap-
plications: changing magnetic properties of multilayer
thin film systems [13–16], enhanced magnetoresistance
properties [16–18], magnetoelectric random access mem-
ory [19], spin-current research [20, 21] and even exotic
spin superfluid research [22]. This material is favorable
for a number of properties: relatively high magnetic sus-
ceptibility +1960 · 10−6 cm3/mol, easy to reach NÃľel
temperature at 34 ◦C and with it transition from anti-
ferromagnetic to paramagnetic properties. Cr2O3 also
has good adhesive properties that simplifies the manu-
facturing process as many other thin film materials re-
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2quire additional adhesive layers. Additionally Cr2O3 has
beneficial chemical properties - it is resistant to powerful
oxidizers (boiling acids, Piranha etc.) commonly used
when cleaning the diamond sensors [23–26], but can be
easily removed by using an appropriate etchant.
II. METHODS USED
Figure 1 depicts the NV energy scheme that is the ba-
sis for the measurement of optically detected magnetic
resonance (ODMR) signals. A green laser light is used
to optically excite the NV centers. After light absorp-
tion with rate Γp and rapid relaxation in the phonon
band the excited state magnetic sublevels can either de-
cay back to the ground state with equal rates Γ0 and
radiate light with a wavelength in the red part of the
electromagnetic spectrum or undergo non-radiative tran-
sitions to the singlet level 1A1. These non-radiative tran-
sitions occur roughly five times more rapidly from the ex-
cited state electron spin sublevels mS = ±1 compared to
mS = 0. After that the singlet–singlet transition 1A1 −→
1E takes place with almost all the energy being trans-
ferred in a non-radiative way with a small portion being
IR radiation. And finally, non-radiative transitions from
1E to the ground triplet state occur with roughly equal
transition probabilities to all three electron spin projec-
tion components of the 3A2 level. It has to be noted
that in the literature data the relaxation rates vary in
a rather wide range [27–29], nevertheless in all cases the
differences of the non-radiative transition rates in the ex-
cited triplet state 3E leads to the situation that after
several excitation–relaxation cycles the population of the
NV centers in the ground triplet state will be transferred
to the magnetic sublevel mS = 0 and the electron spin
angular momentum will be strongly polarized [30].
To measure the properties of Cr2O3 we used a stan-
dard method of ODMR where the green laser (532 nm)
excitation is continuous and the microwave (MW) fre-
quency is scanned to search for the resonance in the NV
ground state [31, 32].
If the external magnetic field is aligned along one of
the NV axes the mS = ±1 states of the corresponding
NV direction split linearly with growing magnetic field
by 28.025 MHz/mT [33]. As the luminescence from the
ground substates mS = ±1 is lower it gives a possibility
to measure the magnetic field as a luminescence signal
drop when the MW frequency is equal to the distance
between mS = 0 and mS = ±1.
As the luminescence signal was collected and de-
tected using an optical system, that maintains the two-
dimensional information of the luminescence distribution
of the NV layer, the magnetic field distribution over the
field of view could be reconstructed after the data pro-
cessing.
FIG. 1: Level scheme of an NV center in a diamond crystal,
mS is the electron spin projection quantum number, Dg and
De are the ground state and excited state zero magnetic field
splittings, ΩMW is the MW Rabi frequency, γg0 and γ
g
±1 are
the relaxation rates from the singlet state 1E to the triplet
ground state 3A2, γe0 and γe±1 are the relaxation rates from
the triplet excited state 3E to the singlet state 1A1 [27].
III. EXPERIMENTAL SETUP
The experimental setup for magnetic field imaging is
depicted in Figure 2. We used a Coherent Verdi V-18
laser to excite the NV centres. Laser power used in exper-
iments was around 100 mW. We used a dynamic trans-
missive speckle reducer (Optotune LSR-3005) to suppress
interference artifacts originating from the thin air gap
between the diamond and the sample, as well as within
the diamond plate. A lens system was used to optimise
the lighting over the field of view. We used an epifluores-
cent setup (the excitation and luminescence detection are
done through the same optical path) and the red lumi-
nescence was separated by a dichroic mirror. After that
the luminescence was collected either on sCMOS sensor
of Andor Neo 5.5 camera, or, during adjustments of opti-
cal system, on the photodiode (Thorlabs PDA36A-EC).
The MW field was delivered to the NV centres by using
a copper stripline, in the form of a straight wire (in all
measurements the distance of point of interest and the
edge of the MW stripline never exceeds 200 µm). Mea-
surements of two dimensional ODMR maps were done by
sweeping the microwave frequency while simultaneously
acquiring a series of camera frames. The microwave fre-
quency modulation was controlled by an analog voltage
generated by a data acquisition card (NI USB-6001). The
sweep was triggered by a pulse generated by the camera
itself and a fixed burst of frames were acquired in sync
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FIG. 2: Experimental setup. The laser light was coupled into
an optical fiber that led it to the experimental system, in
which a dichroic mirror (Thorlabs DMLP567R) reflects the
green light, which, in turn, was directed to the sample via
optical system that insured smooth distribution of the ex-
citing radiation across the field of view. The luminescence
from the sample was collected with a microscope lens, and,
after passing through the dichroic mirror and a long-pass fil-
ter (Thorlabs FEL0600), it was focused onto a CMOS matrix
of the camera (Andor NEO 5.5).
with the modulation waveform (a sawtooth wave). 40
frames were acquired for each sweep and 5 sweeps were
done between each readout. The 5 separate sweeps were
then averaged together. This was done to optimize down-
time from shuttling data in memory.
The field of view was a 110x110 µm2 square. The local
magnetic field was inferred by performing a per-pixel fit-
ting of the ODMR resonance curves with a combination
of three Lorenz curves (discussed in the next section).
In all measurements the bias magnetic field was aligned
along one of the NV axes (100 orientation), meaning that
it is oriented at around 35.5◦ to the diamond surface.
The diamond sample used (bought from from Element
6) was an electronics grade CVD diamond with a (100)
surface polish. The crystal dimensions are 3 mm × 3 mm
× 0.1 mm. The diamond crystal was irradiated with 14N
ions at three separate energies: 10 keV, 35 keV and 60 keV
and then annealed at high temperature so that the va-
cancies created by the irradiation could migrate and form
NV centres. The SRIM simulation for this diamond sam-
ple is already published before and can be found in [31],
and it gives a distribution of vacancies in depth of around
100 nm. We estimate the NV layer depth after annealing
to be between 100-200 nm and it is located below one of
the surfaces of the diamond crystal.
IV. DATA PROCESSING
The acquired data (full ODMR shape for each pixel)
was processed in the following way. The ODMR signal
was fitted with a combination of three Lorentzian pro-
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FIG. 3: An example of data for one camera pixel: red dots -
experimentally measured data points that represent a narrow
MW frequency range, that are fitted with a combination of
three Lorentzian profiles - red line.
files (corresponding to each of the three hyperfine com-
ponents) for each pixel, where each experimental point
represents a narrow MW field value. This is done to ac-
count for the asymmetry in the line-profile (see Figure 3)
due to polarization of the nitrogen nucleus forming the
NV center [30, 34]. Once the fits have been obtained the
resonance frequencies are acquired for each pixel, and by
representing these resonance frequencies in two dimen-
sions we create the spatial magnetic field map.
V. PREPARATION AND INVESTIGATION OF
THIN FILM STRUCTURE
To measure magnetic properties of the Cr2O3 thin film
we designed a structured thin film on the surface of the
diamond in the shape of 10 × 10 µm squares. To obtain
the necessary structure on the diamond surface, 250 nm
Cr2O3 thin film was deposited using DC magnetron reac-
tive sputtering. The Cr target (99.95 % purity) was 2" in
diameter and 3 mm thick and mechanically clamped to
electrode and kept at 26 ◦C. Distance between target and
substrate was 13 cm. The Ar and O2 flow rate was 20
sccm and 3 sccm, respectively. Thin film was deposited at
the constant average power of 150 W and chamber pres-
sure 1 Pa for 13 min. Following the film deposition, a
photoresist was spin-coated and subsequently patterned
on the film surface thus creating an etch mask. A wet
etching procedure was used to remove Cr2O3 from the
exposed areas. The thickness of the Cr2O3 thin film was
measured to be 250 nm by using a surface profilometer,
and the resulting films were then characterized by using
X-ray photoelectron spectroscopy (XPS). It was discov-
ered that the chemical composition of the thin films was
67% Cr2O3 and the remaining part was pure chromium.
Cr2O3 and pure Cr have very similar physical properties -
NÃľel temperature at around 38 ◦C - but their magnetic
susceptibilities are substantially different.
4Before the measurements of the magnetic properties
the sample was cleaned in Piranha solution, to remove
any organic residue. Cr2O3 is resistant to this cleaning
method, pure Cr can be etched with the Piranha solution,
but the cleaning time was rather short, and additionally
the thickness and chemical composition measurements
were done after the measurements were done, indicating
smooth surface patterns of thin film structures. One of
the spots in the thin film grid where we did one set of
the magnetic field imaging measurements (discussed in
the next section) is shown in Figure 4 left panel. These
images are taken using white light illumination, but using
the same optical system and camera. The left top corner
of the field of view is a defect in thin film grid creation,
used as a spatial reference. The rest of the field of view
is the 10 × 10 µm thin film grid. The small dots in the
image are the surface roughness of the diamond crystal,
and not related to the magnetic material on the surface
as can be seen in the magnetic images.
VI. RESULTS AND ANALYSIS
To demonstrate the magnetic field imaging technique
we first started with measurements at 19 ◦C (Figure 4
middle panel). In Figures 4, 5, 6, 7 the central reso-
nance frequency 2524 MHz is depicted as zero for better
readability. At this temperature Cr2O3 and also pure
chromium has antiferromagnetic properties - in the mea-
surements one can see, that the resonance frequency of
the thin film squares in relative scale shifts to negative
frequencies compared to the places where the diamonds
surface is without any coatings. As opposite to results
at 19 ◦C is measurement of the same spot at around 40
◦C, which is above the NÃľel temperature of both Cr2O3
and Cr (Figure 4 right panel) - in this image it is clearly
visible that relative ODMR shifts at the locations of thin
film squares are in the opposite direction and can be re-
lated to the paramagnetic nature of the materials.
Although the characteristics of the paramagnetic case
is rather clear - the magnetic spins orient themselves
along the applied magnetic field, the case of the suppos-
edly antiferromagnetic properties is rather unclear. The
magnetic properties in the case with 19 ◦C resembles dia-
magnetic properties, as the magnetic field created by the
thin film is directed in the opposite direction to the 40
◦C case, while the order of magnitude is similar to the
latter case. This behavior was observed in seven sepa-
rate measurements while measuring four different spots
on the thin film grid. We also tried to test whether this
effect is related to some kind of magnetic memory, by
doing measurements in two different approaches: first -
the thin film structure was heated above the NÃľel tem-
perature and then cooled in the presence of an external
magnetic field, followed by measurements done in an ex-
ternal magnetic field. The second approach was to heat
the thin film above the NÃľel temperature and then cool
it without external magnetic field, and then to measure
the magnetic properties of it in the presence of magnetic
field. Both of these approaches gave the same result, thus
we think that there is no observable magnetic memory ef-
fect.
To better understand the magnetic field interactions
we modelled the behavior of the system using a finite el-
ement electromagnetic field solver in two separate cases:
one where the Cr and Cr2O3 are assumed to be per-
fectly mixed yielding a homogeneous magnetic suscepti-
bility equal to the weighed average of that of the two
materials (Figure 5) and a case where the two phases are
perfectly separated creating distinct regions with differ-
ent magnetic susceptibilities (Figure 6). For both cases
we simulated the relative ODMR shifts, that would be
measured by the NV centres, at two depths 10 nm and
100 nm. In the simulations the external magnetic field
was assumed to be along one of the NV axes, meaning
that it is aligned at 35.5◦ to the diamond surface.
In the first case one can see that a thin film, consisting
of 67% Cr2O3 and 33 % Cr with a spatially homogeneous
magnetic properties creates smooth magnetic field on its
surface, and only at the edges the magnetic field starts
to create relatively strong local resonance shifts. The
speckles on the thin film square are related to the finite
grid size of the simulation (we used the smallest possi-
ble grid) and not to the chemical composition of the thin
film. The simulations coincides with the experimental
measurements within an order of magnitude. The differ-
ences could be related to the fact that the NV layer in
the diamond crystal is an uneven distribution, where the
deepest layers could be less populated than the shallow
layers, and the width of the layer has some uncertainty.
As one can see in Figure 5 the ODMR frequency (mag-
netic field) at the edges gives larger shifts and also spa-
tially the resonance frequency changes relatively rapidly,
a similar effect can be seen in the experimental measure-
ments in Figure 4.
In the second case (Figure 6) we did a similar simula-
tion for the case when the thin film consists of segments of
two materials with differing magnetic susceptibilities. As
one can see in Figure 4, there are different spots where
the magnetic properties spatially change within one of
the thin film squares. This effect is related to the inho-
mogenity of the thin film material and the fact that pure
Cr2O3 has larger magnetic susceptibility than pure Cr.
This also shows in the simulated ODMR shift maps - the
Cr segments blend in with the surrounding background,
as the ODMR shifts are one order less than the ones cre-
ated by Cr2O3. As the simulation shows (Figure 6) the
borders of the two materials give relatively large ODMR
shifts, similar to the edge case in Figure 5. It should
be noted that to verify the simulation, we also checked
the case where the neighbouring segments have the same
magnetic susceptibility, and as expected it did not dif-
fer from the case of a homogeneous thin film layer (four
grey segments at the left side and six blue segments at
the bottom right side of the simulated thin film square
of Figure 6).
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FIG. 4: Left panel - Optical image of the thin film grid illuminated by white light. The left top corner of the field of view is
a defect in thin film grid creation, used as a spatial reference. Dark squares are the thin films forming the 10 × 10 micrometer
sized square grid. The small dots in the image is the surface roughness of the diamond crystal, and not related to magnetic
material on the surface (confirmed by the magnetic field images). The ODMR maps of the measured area: middle panel
represents measurements at 19 ◦C and the right panel represents measurements at 40 ◦C. The color scale represents the
relative resonance frequency shift with the central resonance frequency of 2524 MHz depicted as zero for better readability
To visualize the resonance frequency shifts in different
depths of the diamond crystal we also created a two-
dimensional graph depicting the relative resonance fre-
quency changes within the depth of the NV centre layer
(Figure 7). The central resonance frequency (2524 MHz )
is depicted as zero for better readability. For this case
we used the same pattern of segments as in Figure 6,
along the line y = 0 where x values vary from −6 to 6
µm. As the simulation shows the relative ODMR shifts
can vary significantly with depth changing by 200 nm.
It can be seen that the borders of two segments give
rather large local ODMR shifts, and for the thin films
studied experimentally the segments are much smaller
and distributed within the volume of the thin film. This
could explain why the experimentally measured values
are larger than the simulated ones. In addition in real
life measurements one would get the combined value of
all these shapes at every x coordinate point as we col-
lect the luminescence from the whole NV layer, that, as
mentioned before, could be unevenly distributed.
As the magnetic properties of the thin films are mea-
sured by drawing ODMR maps, where the resonance
value is determined from the fitted ODMR profiles, we
made sure that the magnetic properties of the Cr2O3
thin films are not related to changes in NV properties -
magnetic noise that changes the T1 time or the coher-
ence properties. If that would be the case one would
see a widening of the ODMR profiles, in our case below
the thin film squares. The analysis of the full width at
half maximum (FWHM) of the ODMR profiles (Figure 8)
showed the opposite - the width of the ODMR profiles un-
der the thin film squares is narrower than at places where
the diamond surface is clean. We relate this narrowing
to a reduced MW power under the metallic surfaces of
the thin film squares.
In this case we are unable to give the full explanation
of the observed diamagnetic-like magnetic phenomena of
the Cr2O3. We think that the effect might be related to
distorted molecular structure of the material, as the pure
Cr2O3 is not expected to show this behavior nor is the
pure Cr [35–37]. Yet it is clear that the spatial orienta-
tion of the molecules define the magnetic properties of the
Cr2O3 [16, 36, 38] and in this case the Cr content in the
material (≈33%) indicates that the Cr atoms might have
large impact on the orientation of the Cr2O3 molecules.
This in turn might lead to the magnetic spin orientation
in rigid antiferromagnetic way - the spins tend to com-
pensate the applied external magnetic field. As the main
purpose of this publication is to demonstrate the possi-
bilities of NV magnetometry, the further investigation of
magnetic properties of thin film and complicated interac-
tions of magnetic structures lies beyond the scope of the
present study.
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FIG. 5: Simulation of the ODMR shifts in the diamond created by magnetically homogeneous magnetic thin film square on a
diamond surface, consisting of 67 % Cr2O3 and 33 % Cr at two different depths: left panel 10 nm and right panel 100 nm. The
square represents the thin film and the color scale represents the relative ODMR shift (central resonance frequency (2524 MHz )
depicted as zero for better readability). The speckles on the thin film square are related to the finite grid size of the simulation
and not to the chemical composition of the thin film.
FIG. 6: Simulation of inhomogeneous distribution of magnetic material, that represents case, where the thin film consists of
segments of two materials with differing magnetic susceptibility. Left panel - the pattern used for simulations - grey segments
represent pure Cr and blue segments represent Cr2O3. The simulations are done at two different depths: middle panel 10 nm
and right panel 100 nm. The color scale represents the relative ODMR shift (central resonance frequency (2524 MHz ) depicted
as zero for better readability). The speckles on the thin film square are related to the finite grid size of the simulation and not
to the chemical composition of the thin film. The pure Cr segments blend in with the surrounding background as the magnetic
susceptibility of pure Cr is one order of magnitude smaller then the one of Cr2O3.
VII. DISCUSSION
The obtained experimental results clearly identify the
magnetic properties of the thin film structure and demon-
strate the possibilities of magnetic field imaging on the
microscale using NV centres in diamond crystal. We
have demonstrated clearly identifiable detection of the
magnetic phase transition of Cr2O3 thin film with an
unexpected diamagnetic-like behaviour at 19◦C (below
the NÃľel temperature of Cr2O3). We attribute this be-
haviour to the spatial orientation of the Cr2O3 molecules
due to a rather large admixture of pure Cr in the thin
film. To have better insights in the magnetic interactions
of the thin film structure we simulated the magnetic fields
near the thin film surface in two cases: homogeneous
distribution of the thin film material, and segment-like
distribution of Cr2O3 and pure Cr. The simulations co-
incide with the experimentally measured values within an
order of magnitude. We also analysed the width of the
ODMR profiles to be sure that our measurements are not
biased by effects related to changes in NV magnetic noise
environment. The analysis indicated that the Cr2O3 in
combination with pure Cr does not widen the ODMR
profiles, the only observable effect was the narrowing of
the ODMR profiles due to reduced MW power under the
thin film squares.
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FIG. 7: Simulation of ODMR shift at different distances from the thin film in case of inhomogeneous distribution of magnetic
material. The pattern is created by using the same distribution as in Figure 6, and the line is chosen along the line y = 0 where
x values varies from −6 to 6 µm. The central resonance frequency of 2524 MHz is depicted as zero for better readability.
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FIG. 8: ODMR profile width map form the data obtained
in measurements at 19 ◦C (the ODMR resonance map can
be seen in Figure 4). Color map represents the width of the
ODMR profile, which is defined as the FWHM of each indi-
vidual hyperfine component.
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